Telomere shortening limits the regenerative capacity of primary cells in vitro by inducing cellular senescence characterized by a permanent growth arrest of cells with critically short telomeres. To test whether this in vitro model of cellular senescence applies to impaired organ regeneration induced by telomere shortening in vivo, we monitored liver regeneration after partial hepatectomy in telomerase-de®cient mice. Our study shows that telomere shortening is heterogeneous at the cellular level and inhibits a subpopulation of cells with critically short telomeres from entering the cell cycle. This subpopulation of cells with impaired proliferative capacity shows senescence-associated b-galactosidase activity, while organ regeneration is accomplished by cells with suf®cient telomere reserves that are capable of additional rounds of cell division. This study provides experimental evidence for the existence of an in vivo process of cellular senescence induced by critical telomere shortening that has functional impact on organ regeneration.
Introduction
Telomeres are specialized nucleoprotein structures at the end of eukaryotic chromosomes (Blackburn, 1991) . Loss of telomeric DNA via the end replication problem limits the proliferative capacity of primary cells in vitro at the stage of cellular senescence (Harley et al., 1990; Yu et al., 1990; Wright and Shay, 1992; Allsopp et al., 1995) . Cells cannot proliferate beyond the senescence checkpoint unless the senescence pathway which is guarded by p53 and Rb is experimentally perturbed (Shay et al., 1991; Bond et al., 1996; Vaziri and Benchimol, 1996; Jarrard et al., 1999; Bringold and Serrano, 2000; Smogorzewska and de Lange, 2002) . Experimental proof for the telomere hypothesis of`cell aging' has come from studies showing that the ectopic expression of telomerase immortalizes primary human ®broblasts (Bodnar et al., 1998) .
In humans, telomere shortening has been demonstrated in various tissues during aging (Lindsey et al., 1991; Vaziri et al., 1993 Vaziri et al., , 1994 Allsopp et al., 1995; Chang and Harley, 1995) and in chronic diseases of elevated cell turnover (Kitada et al., 1995; Ball et al., 1998; Boultwood et al., 2000; Effros, 2000; Wiemann et al., 2002) , and some of the recent studies have reported increased senescence-associated b-galactosidase activity in aged human skin (Dimri et al., 1995) and liver cirrhosis (Paradis et al., 2001; Wiemann et al., 2002) . These data have fueled the debate that cellular senescence induced by telomere shortening might impact on regeneration of tissues and organs during aging and chronic high-turnover diseases. Experimental support for the telomere hypothesis of impaired organ regeneration during aging and chronic diseases has come from studies in telomerase-de®cient mice (mTERC ±/± ). Late-generation mTERC ±/± mice with critically short telomeres show defects in homeostasis of highly proliferative organs (Lee et al., 1998) and these organ systems are affected by premature aging phenotypes (Herrera et al., 1999; Rudolph et al., 1999) . In addition, liver regeneration was impaired in mTERC ±/± mice in different model systems of liver regeneration (Rudolph et al., 2000) . First, in response to partial hepatectomy (PH), liver mass restoration was delayed and hepatocytes showed signs of telomere dysfunction (anaphase bridges) and a suppressed progression through the G 2 /M stage of the cell cycle (Rudolph et al., 2000) . Secondly, in a model of acute liver failure, telomere shortening correlated with decreased hepatocyte proliferation and increased hepatocyte apoptosis. Finally, in response to chronic organ damage, the impaired organ regeneration in mTERC ±/± mice results in a premature development of progressive disease stages such as liver cirrhosis (Rudolph et al., 2000) and colitis ulcerosa (J.Wedemeyer and K.L.Rudolph, unpublished data)Ðdiseases in humans that are characterized by critical telomere shortening (Kinouchi et al., 1998; Wiemann et al., 2002) .
The phenotype of impaired organ regeneration in mTERC ±/± mice has been linked to the prevalence of critically short telomeres (Hemann et al., 2001) , and the cell cycle inhibitor p53 was identi®ed as mediating the adverse effects of telomere shortening (Chin et al., 1999) . A current hypothesis is that critical telomere shortening leads to telomere dysfunction and activates DNA damage responses resulting in cell cycle arrest and/or apoptosis, as has been demonstrated in primary cell lines entering senescence in vitro. Since the replicative lifespans of subclones of a given cell line show high variability depending on the initial telomere length of individual subclones prior to expansion, it has been postulated that telomere length at the cellular level determines whether a cell enters senescence or continues to proliferate (Allsopp and Harley, 1995) . Our study explores whether this model
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Results
Telomere shortening limits the number of cells participating in organ regeneration The resting liver is a mitotically inactive organ with over 95% of the cells in the G 0 stage of the cell cycle. In Fig. 1 . Telomere shortening inhibits a subpopulation of cells from participating in liver regeneration. The percentage of liver cells incorporating BrdU in response to PH under continuous BrdU labeling is higher in mTERC +/+ than in G 3 mTERC ±/± mice. (A) Rate of BrdU-labeled liver cells 72 h after PH [83.83 T 7.44% in mTERC +/+ (n = 5) versus 64.5 T 4.28% in G 3 mTERC ±/± (n = 5), p < 0.0001] and 120 h after PH [86.96 T 4.33 in mTERC +/+ (n = 5) versus 72.30 T 5.45% in G 3 mTERC ±/± (n =5), p < 0.0001]. (B) Representative photographs of BrdU staining pattern in mTERC +/+ and G 3 mTERC ±/± mice 120 h after PH under continuous BrdU infusion (bar, 150 mm). (C) Percentage of cells incorporating BrdU at the ®rst peak stage of S-phase (48 h after PH) under 2 h of BrdU pulse labeling: 47.03 T 6.33% in mTERC +/+ (n = 5) versus 44.45 T 5.26% G 1 mTERC ±/± (n =5, p = 0.0934) and 32.31 T 6.65% G 3 mTERC ±/± (n =5, p < 0.0001). A signi®cant reduction in the BrdU index is evident in G 3 mTERC ±/± mice, whereas G 1 mTERC ±/± mice show a similar rate of BrdU-positive liver cells compared with mTERC +/+ mice, indicating that telomere length but not lack of telomerase impacts on the number of cells participating in organ regeneration. (D) Percentage of cells incorporating BrdU at the ®rst peak stage of S-phase (48 h after PH) under 2 h of BrdU pulse labeling: 45.52 T 4.65% in G 4 mTERC +/± (n = 5) versus 29.90 T 3.25% G4 mTERC ±/± (n = 5, p < 0.0001). G 4 mTERC +/± mice show a rescue in the percentage of BrdU-positive cells, indicating that telomere stabilization by telomerase re-expression rescues suppression of cell cycle re-entry of a subpopulation of cells.
response to PH, liver cells re-enter the cell cycle in a highly synchronized fashion and regenerate lost mass by one to two rounds of replication within a week, thus representing a system in which somatic cell division regenerates organ mass without a direct need for a speci®c stem cell population (Fausto, 2000; Kountouras et al., 2001) . To analyze the impact of telomere shortening on organ regeneration at the cellular level, continuous labeling of all the proliferating cells with 5-bromo-2¢-deoxyuridine (BrdU) was performed in G3 mTERC ±/± and mTERC +/+ controls until two rounds of replication (120 h after PH) had been completed. After both the ®rst round (72 h after PH) and the second round (120 h after PH) of DNA replication, the number of cells participating in liver regeneration was signi®cantly reduced in G 3 mTERC ±/± mice compared with mTERC +/+ mice ( Figure 1A and B). These data indicated that telomere shortening inhibited a subpopulation of liver cells from participating in organ regeneration.
Previous studies in late-generation mTERC ±/± mice have shown that telomere shortening leads to defective regeneration and impaired organ homeostasis (Lee et al., 1998; Herrera et al., 1999; Rudolph et al., 1999 Rudolph et al., , 2000 . To test whether inhibited cell cycle entry of a subpopulation of cells in G 3 mTERC ±/± mice is due to critical telomere shortening, we monitored liver regeneration in G 1 mTERC ±/± mice (i.e. animals lacking telomerase activity but having long telomere reserves) . S-phase activity in response to PH peaks at 48 h after surgery. Two hours of pulse labeling with BrdU at this time point revealed similarly high rates of BrdU incorporation in G 1 mTERC ±/± and mTERC +/+ mice compared with a signi®cantly lower rate in G 3 mTERC ±/± mice ( Figure 1C ). In addition, telomere stabilization by telomerase re-expression in G 4 mTERC +/± mice, derived from a cross of G 3 mTERC ±/± mice and mTERC +/± mice (Samper et al., 2001) , completely rescued the defective regenerative response following PH, which was present in G 4 mTERC ±/± littermates ( Figure 1D ). Together, these data indicated that the phenotype of a decreased population of cells entering the cell cycle during organ regeneration is due to telomere shortening, independent of telomerase per se, but can be rescued by telomere stabilization in mice with critically short telomeres.
Critical telomere shortening at the cellular level blocks cell cycle re-entry of a subpopulation of liver cells in G 3 mTERC ±/± mice A possible explanation for the inhibition of cell cycle reentry in a subpopulation of cells in G 3 mTERC ±/± mice is that telomeres in cells of an organ system are heterogeneous, and that only cells with critically short dysfunctional telomeres are inhibited from entering the cell cycle. To test this hypothesis, telomere length was analyzed at the single-cell level using quantitative¯uorescence in situ hybridization (qFISH) (Gonzalez-Suarez et al., 2000; Poon and Landsdorp, 2001) in combination with BrdU staining ( Figure 2A±C ). With this approach, it is possible to compare telomere lengths directly between liver cells participating in organ regeneration (BrdU positive) and liver cells inhibited from cell cycle re-entry (BrdU negative). In mTERC +/+ mice, BrdU-positive and BrdUnegative liver cells (120 h after PH and continuous labeling with BrdU) showed similar mean telomerē uorescence intensities ( Figure 2D , E and H). As expected, the overall telomere¯uorescence intensity is lower in G 3 mTERC ±/± mice than in mTERC +/+ mice. Interestingly, however, within the liver of G 3 mTERC ±/± the telomere¯uorescence intensity was signi®cantly weaker in the subpopulation of cells inhibited from cell cycle re-entry (BrdU negative) than in the population of proliferating cells (BrdU positive) ( Figure 2F±H ). In addition to lower mean telomere¯uorescence intensity, the non-proliferating cells also had lower minimum uorescence intensities compared with the proliferating cells in G 3 mTERC ±/± mice (data not shown). The observation that the mean telomere¯uorescence intensities between BrdU-positive and BrdU-negative cells 120 h after PH were similar in mTERC +/+ mice indicates that BrdU staining and cell cycle stage did not interfere with hybridization and quanti®cation of the telomeric probe at the telomeres. These data gave direct evidence that critically short telomeres at the cellular level limit the proliferative capacity of cells within an organ system.
Non-proliferating cells with critically short telomeres in mTERC ±/± are senescent A possible mechanism for inhibition of cell cycle re-entry in a subpopulation of cells is the induction of cellular senescence, which in primary human cells is induced after 50±70 cell doublings, ®rst affecting subclones with critically short telomeres of a given cell line in vitro (Allsopp and Harley, 1995) . To test directly whether the non-proliferating cells in G 3 mTERC ±/± entered senescence, senescence-associated (SA) b-galactosidase staining (Dimri et al., 1995) was conducted on liver samples 120 h after PH to compare directly the percentage of SA b-galactosidase-positive cells with the percentage of non-proliferating cells (BrdU negative). This method revealed signi®cantly increased rates of senescent cells in G 3 mTERC ±/± mice compared with mTERC +/+ mice ( Figure 3A and B). Even though SA b-galactosidase staining is widely used as a marker of senescence, it has been shown that false-positive results occur in vitro in cell cultures exposed to various stresses (Severino et al., 2000) . To exclude unspeci®c non-senescence-related SA b-galactosidase staining, a co-staining combining BrdU staining with SA b-galactosidase staining was conducted. This co-staining revealed a strong coincidence of b-galactosidase activity with non-proliferating cells (BrdU negative) in G 3 mTERC ±/± mice. Speci®cally, only 13 T 4.84% of the SA b-galactosidase-positive cells were BrdU positive, whereas 79 T 6.2% of the SA b-galactosidase-negative fraction of cells showed BrdU incorporation ( Figure 3C ).
To show directly that the SA b-galactosidase-positive cells in G 3 mTERC ±/± mice were inhibited from cell cycle re-entry by critically short telomeres, a co-staining combining SA b-galactosidase staining with telomeric qFISH was carried out. As anticipated from the above results, this analysis revealed signi®cantly weaker telomere¯uores-cence intensities in SA b-galactosidase-positive cells than in SA b-galactosidase-negative cells in G 3 mTERC ±/± mice ( Figure 3D and E). In contrast, mTERC +/+ mice showed no difference in the telomere¯uorescence intensity comparing SA b-galactosidase-positive and -negative cells. Therefore, the low prevalence of SA b-galactosidasepositive cells in mTERC +/+ mice was independent of telomere shortening, possibly resembling the`premature senescence' phenotype induced by mitogenic stimulation such as ras signaling (Serrano et al., 1997) . Although interference of SA b-galactosidase staining or senescence per se with telomere probe hybridization and measurement during qFISH remains formally possible, the data showing similar telomere¯uorescence intensity in SA b-galactosidase-positive and -negative liver cells of mTERC +/+ mice indicate that such interference did not occur.
The Rb and p53 pathways have been prominently associated with cellular senescence (Bond et al., 1996; Vaziri and Benchimol, 1996; Jarrard et al., 1999; Bringold and Serrano, 2000; Smogorzewska and de Lange, 2002) .
To test for activation of these senescence pathways in mTERC ±/± mice, Af®metrix oligonucleotide microarray analysis was carried out in duplicate comparing gene expression levels in quiescent liver and at the G 1 /S transition (30±36 h after PH). This time point was chosen since most of the known senescence pathways are active at this transition point (Pang and Chen, 1994; Chen, 1997) . We monitored gene expression changes between these two time points and compared the differentially regulated genes in mTERC +/+ and G 3 mTERC ±/± mice. This experiment identi®ed 114 differentially expressed genes, 34 genes that were regulated in mTERC +/+ but not G 3 mTERC ±/± mice and 79 genes that were regulated in G 3 mTERC ±/± mice but not mTERC +/+ mice (data not shown). The full dataset of this microarray experiment is accessible Telomere shortening inhibits cell cycle re-entry in MIAME format online (www.gbf.de/array) under downloads (under Satyanarayana et al.: Table1, Table2 and ExperimentalDesign). From the differentially regulated genes in the microarray experiments comparing resting liver and regenerating liver 30±36 h after PH in mTERC +/+ mice and G 3 mTERC ±/± mice, eight target genes which have a role in cell cycle regulation were chosen and their differential expression was con®rmed by RT±PCR (Table I ). The gene list include four downstream targets of p53 (p21, plk, Gadd45g and KLF-4) which were all upregulated in G 3 mTERC ±/± mice; two of these genes (p21 and Gadd45g) have previously been related to replicative senescence and DNA damage response that leads to G 1 /S arrest (Dulic et al., 2000; Vairapandi et al., 2002) .
To analyze the role of factors other than impaired cell cycle re-entry that could explain the decreased rate of proliferation in G 3 mTERC ±/± mice, we evaluated mitogenic signaling and apoptosis in this system. The most prominent mitogenic signal priming liver cells to reenter the cell cycle is interleukin 6 (IL-6) (Cressman et al., 1996; Li et al., 2001) . Induction and peak levels of IL-6 in response to PH were similar in mTERC +/+ and G 3 mTERC ±/± mice (data not shown), indicating that impaired mitogen responses did not account for the defective liver regeneration in G 3 mTERC ±/± mice. Apoptosis has been linked to impaired organ regeneration of highly selfrenewing organs in mTERC ±/± mice (Lee et al., 1998) and is induced by telomere shortening in clonally regenerating hepatocytes in the setting of acute liver failure (Rudolph et al., 2000) . We assessed the possible impact of apoptosis in our experimental system using the TUNEL assay. Following PH, TUNEL staining showed very low but similar rates of apoptosis in the liver of mTERC +/+ and G 3 mTERC ±/± mice (data not shown), suggesting that this process did not account for the differences in regenerative response. Given that apoptosis is predominantly present in the setting of telomere shortening coupled with extensive regenerative pressure in mTERC ±/± mice (Lee et al., 1998; Rudolph et al., 2000) , it seems possible that the limited apoptotic response to PH was indicative of the more moderate regenerative stress in this setting.
Cells with suf®cient telomere reserves in G 3 mTERC ±/± mice compensate for impaired organ regeneration by an additional round of replication Synchronized liver regeneration in response to two-thirds PH takes approximately one and a half rounds of D is the fold change of gene expression. replication to restore organ mass within a week after PH (Fausto, 2000; Kountouras et al., 2001) . In the C57BL/6 mouse strain used in our studies, the ®rst peak stage of S-phase was observed 48 h after PH and was followed by a smaller second peak 96 h after PH (Figure 4) . We evaluated S-phase onset and progression in response to PH in mTERC +/+ mice and G 3 mTERC ±/± mice by BrdU pulse labeling ( Figure 4A ). In response to PH, the timing of the onset and the peak stages of S-phase were superimposable in mTERC +/+ and G 3 mTERC ±/± mice. Nevertheless, the percentage of liver cells participating in the ®rst round of replication was signi®cantly lower in G 3 mTERC ±/± mice than in mTERC +/+ mice ( Figure 4A , B and D). In contrast, a signi®cantly higher fraction of liver cells entered a second round of replication in G 3 mTERC ±/± mice than in mTERC +/+ mice ( Figure 4A , C and E).
To test whether impaired S-phase entry would impact on organ regeneration and whether the elevated second round of replication could compensate for impaired regeneration, we followed the relative liver weight (liver weight/total body weight) of mTERC +/+ and G 3 mTERC ±/± mice at different time points after PH. In parallel with the time course of S-phase, the liver weight of G 3 mTERC ±/± mice compared with mTERC +/+ mice was signi®cantly decreased after the ®rst round of replication, 72 h after PH (relative liver weight 2.27% in G 3 mTERC ±/± mice compared with 2.74% in mTERC +/+ mice, p = 0.001). In agreement with our hypothesis that liver cells with suf®cient telomere reserves accomplished organ regeneration in G 3 mTERC ±/± mice by entering a second round of replication, the liver weight was normalized in G 3 mTERC ±/± mice after the second round of replication, 120 h after PH (data not shown). Similarly, the difference in total number of BrdU-labeled cells (after long-term labeling) between G 3 mTERC ±/± and mTERC +/+ mice ( Figure 1A and B) was signi®cantly reduced after the second round of replication compared with the ®rst round (±4.69%, p =0.0274).
Together, our data indicated that impaired liver regeneration was due to inhibition of cell cycle re-entry in a subpopulation of cells with critically short telomeres in G 3 mTERC ±/± mice but was compensated for by an additional round of replication by liver cells with suf®cient telomere reserves capable of proliferation. An alternative explanation was that a subpopulation of resting liver cells in G 3 mTERC ±/± mice was not in the G 0 stage but was arrested in G 2 /M, and was released from this block to exit mitosis and therefore re-entered the cell cycle at a delayed time point after PH. To test this possibility, cell cycle analysis was carried out by¯ow cytometry on resting and regenerating livers of mTERC +/+ and G 3 mTERC ±/± mice ( Figure 5 ). Since in mouse liver a relatively high percentage of cells are binucleated, this analysis was carried out on cell nuclei, although cytospins on liver cells did not show a difference in the percentage of mononuclear (22.51 T 7.77 versus 25.66 T 3.83, p = 0.2645) as well as binucleated (76.99 T 8.90 versus 74.32 T 3.82, p = 0.395) cells in mTERC +/+ and G 3 mTERC ±/± mice. In line with previous reports of¯ow cytometry on liver cell nuclei of several strains of mice (Severin et al., 1984; Danielsen et al., 1986) , our study revealed that in addition to a cell population with a 2N DNA content, a proportion of resting liver cell nuclei had a 4N DNA content. Cell cycle analysis of resting liver cell nuclei from G 3 mTERC ±/± and mTERC +/+ mice revealed a similar distribution of nuclei with 2N and 4N DNA content in both groups (Table II ; Figure 5A and B). In line with the BrdU staining data, the FACS analysis revealed that 48 h after PH the overall number of cells in S-phase was signi®cantly lower in G 3 mTERC ±/± than in mTERC +/+ mice (Table II; Figure 5C and D, top panel). Interestingly, the suppression of S-phase Telomere shortening inhibits cell cycle re-entry entry in G 3 mTERC ±/± mice affected cells with 2N, 4N and higher DNA content. Although it cannot be excluded that some of the 4N and 8N cells were arrested at the G 2 /M stage of the cell cycle, the inhibition of S-phase entry from 2N cells indicated that suppressed S-phase entry in G 3 mTERC ±/± was at least in part due to a pre-S-phase arrest.
As anticipated from the BrdU staining results (Figure 4) , FACS analysis at 96 h after PH revealed a higher percentage of liver cells in S-phase in G 3 mTERC ±/± than in mTERC +/+ mice (Table II; Figure 5C and D, bottom panel). The fact that this S-phase entry predominantly derived from cells with 4N and 8N DNA content suggested that the second peak of S-phase in G 3 mTERC ±/± mice did not result from 4N cells overcoming a G 2 /M block to reenter S-phase from a 2N stage after completion of mitosis.
In addition to the above data on S-phase entry, the FACS analysis revealed an accumulation of cells with higher DNA content in G 3 mTERC ±/± compared with mTERC +/+ mice in the time course of liver regeneration following PH. These data are in line with previous reports of an impaired G 2 /M progression of regenerating liver cells in mTERC ±/± mice (Rudolph et al., 2000) . Cell cycle analysis 21 days after PH again revealed an almost similar ploidy distribution in mTERC +/+ and G 3 mTERC ±/± mice ( Figure 5E and F) , indicating that impaired G 2 /M progression in G 3 mTERC ±/± was either temporary or associated with decreased cell survival over time.
Discussion
Our current study demonstrates that telomere shortening at the cellular level affects organ regeneration in vivo by inhibiting a subpopulation of cells with critically short telomeres from entering the cell cycle, thereby limiting the pool of proliferating cells within an organ system. As a result, there is an elevated regenerative pressure on the proliferating subpopulation of cells to compensate for impaired organ regeneration by additional rounds of cell division, which in turn accelerates the rate of telomere shortening and the imbalance of proliferating and nonproliferating cells. Our results are further strengthened by previous studies in mTERC ±/± mice showing that it is not the average telomere length but the prevalence of critically short telomeres that leads to regenerative disorders (Hemann et al., 2001) . The new concept derived from our study is that the prevalence of critically short telomeres at the cellular level determines the proliferative capacity of cells within an organ system. Thus, the regenerative capacity of organs and tissues depends on the size of the population of cells with suf®cient telomere reserves required for cell proliferation.
Which mechanism limits cell proliferation in the subpopulation of cells with critically short telomeres? We show that mitogen signaling and apoptosis do not contribute to impaired liver regeneration in response to telomere shortening in our model system of PH. It seems likely that the lack of telomere-directed apoptosis re¯ects the modest regenerative stress induced by PH since we have previously shown that critical telomere shortening induces prominent hepatocyte apoptosis during clonal expansion of hepatocytes following acute liver failureÐa setting of potent regenerative stress. The prevalence of b-galactosidase-positive cells and the coincidence of b-galactosidase activity with non-proliferating cells indicate that the cells with critically short telomeres have reached the senescence stage. In line with this hypothesis, gene expression pro®ling and RT±PCR analysis of regenerating liver at the onset of S-phase revealed an upregulation of downstream targets of p53 (Table I )Ða pathway critical for inducing cellular senescence in response to telomere shortening (Vaziri and Benchimol, 1996; Chin et al., 1999; Smogorzewska and de Lange, 2002) .
At which stage of the cell cycle are the liver cells arrested? Previous studies in mTERC ±/± mice have revealed that telomere shortening induces a biphasic cell cycle block in mouse embryonic ®broblasts (Chin et al., 1999) and impaired mitotic progression in regenerating liver (Rudolph et al., 2000) . In line with these studies, our current data on liver regeneration following PH show impaired cell cycle progression at two stages: pre-S-phase and G 2 /M. Impaired S-phase entry in G 3 mTERC ±/± mice was independent of the DNA content of the cells, demonstrating that G 1 /S progression was impaired, and the accumulation of cells with higher DNA ploidy in G 3 mTERC ±/± mice during the time course of liver regeneration indicated that G 2 /M progression was impaired. We hypothesize that if telomeres are dysfunctional in resting cells, cell cycle re-entry is inhibited at the G 1 /S transition. In addition, some cells will acquire dysfunctional telomeres during S-phase owing to further telomere shortening during DNA replication and will consequently be withdrawn from the cell cycle at the G 2 /M stage.
Our study supports a model in which inhibition of cell cycle entry in a subpopulation of cells with critically short telomeres results in delayed organ regeneration by requiring an additional round of replication by cells with suf®cient telomere reserves. According to this model, Table II . Ploidy distribution and cell cycle pro®le of quiescent and proliferating liver cells at the indicated time points after PH in mTERC +/+ and G 3 mTERC ±/± as analyzed by¯ow cytometry regenerative defects are determined by the size of the proliferating population of cells within an organ system necessary to maintain organ function and homeostasis. It seems likely that the differences in telomere length between individual cells within an organ re¯ect the replicative history of cells during organogenesis and postnatal life. In addition, other factors that possibly affect telomere length might be differences in metabolic rates and intracellular load of radical oxygen species. The percentage of liver cells inhibited from cell cycle re-entry in G 3 mTERC ±/± mice in our study was~15%; most of them (~11%) in turn show b-galactosidase activity. The mice do not show any liver phenotype during development and aging, but show an accelerated onset of cirrhosis in response to chronic organ damage (S.U.Wiemann and K.L.Rudolph, unpublished data) similar to the results obtained from G 6 mTERC ±/± mice in a mixed genetic background (Rudolph et al., 2000) . Therefore, the relatively small percentage of senescent cells inhibited from cell cycle re-entry seems to allow normal organ homeostasis in normal conditions, but under circumstances of elevated cell turnover it leads to impaired organ homeostasis. Does the telomere hypothesis of impaired organ regeneration in mouse models apply to humans? To date there is an accumulation of correlative data indicating that telomere shortening might impact on the regenerative capacity of human tissues during aging and chronic diseases. In addition, mutation of the essential RNA component of human telomerase has been implicated in premature aging, bone marrow failure and liver cirrhosis among other phenotypes in patients with dyskeratosis congenita (Vulliamy et al., 2001) . Interestingly, in human cirrhosis, the prevalence of senescent hepatocytes ranges from 2 to 15% in the vast majority of cases, indicating that cellular senescence at rates similar to those observed in our study impairs regular organ regeneration in chronic liver disease in humans (Wiemann et al., 2002) . Determination of the rates of cellular senescence and the identi®cation of new markers of senescence could be useful to test the relevance of senescence in limiting the regenerative capacity in different human tissues and organs during aging and chronic disease.
Materials and methods

Mice
Male mTERC ±/± and littermate mTERC +/+ control mice (age 10± 12 weeks) in a C57/B6J background were used for this study. The mice were bred and maintained in the animal facility, Medical School Hannover, Germany, on a standard diet.
Partial hepatectomy and BrdU labeling
All the mice were operated on in the morning (between 8.00 and 11.00 a.m.) as described (Higgins and Anderson, 1931) . Mice were anesthetized and subjected to 70% PH by surgically removing the left lateral, left median and right median lobes without disrupting the portal vein, biliary tract and gallbladder. The mice were killed from each group (mTERC +/+ and mTERC ±/± ) at 24 h (n = 3), 36 h (n = 3), 48 h (n = 5), 72 h (n = 5), 96 h (n = 5) and 120 h (n = 5) after PH. Ten microliters per gram body weight of labeling reagent [10:1 ratio, BrdU and 5-¯uoro-20-deoxyuridine (Cell Proliferation Kit, Amersham)] were administered to the animals intraperitoneally 2 h before killing. For continuous labeling of all the proliferating cells, 0.8 mg/ml BrdU (Sigma) was given in sterile drinking water and fresh water was prepared every 24 h. To increase the sensitivity of the continuous labeling procedure, 200 ml of 1 mg/ml BrdU in phosphate-buffered saline (PBS) were administered intraperitoneally at 12 h intervals between 24 and 72 h (or 120 h) after PH. After killing, the liver lobes were snap frozen in liquid nitrogen and stored at ±80°C until required for further analysis.
Immunohistochemical detection of BrdU
After ®xation of 7 mm cryostat sections in ice-cold acetone±methanol (1:1) for 10 min, samples were washed in Tris-buffered saline (TBS)± Tween, dehydrated in 70% ethanol for 30 min and air dried. Endogenous peroxidase activity was blocked by 3% H 2 O 2 in methanol for 10 min, followed by two 5 min washes in TBS±Tween, denaturation in alkaline formamide (95 ml formamide + 5 ml 1N NaOH) for 30 s at 70°C, washing for 5 min in TBS±Tween at 70°C and incubation in 15 mM tri-sodium citrate in formamide for 15 min at 70°C. The reaction was stopped by washing the slides in ice-cold TBS±Tween twice for 5 min each. A second ®xation was carried out in 3% formaldehyde in PBS for 30 min, followed by two 5 min washes in TBS±Tween and incubation in 0.2% glutaraldehyde in PBS for 10 min at room temperature. The slides were then washed twice for 5 min in TBS±Tween and incubated with antiBrdU monoclonal antibody overnight at 4°C in a wet chamber. After two washes with TBS±Tween, the slides were incubated with a peroxidaselabeled anti-mouse IgG2a secondary antibody for 30 min at room temperature, followed by three 5 min washes, and detection was performed by incubating them with the substrate 3,3¢-diaminobenzidine tetrahydrochloride (DAB) (25 mg of DAB, 100 ml of substrate intensi®er, 50 ml of PBS) for 20 min, followed by two 5 min washes with doubledistilled water. The slides were then counterstained with hemalum solution, mounted with mounting medium and stored in the dark until analysis. A BrdU-labeling index was determined by counting the number of BrdU-positive cells randomly in 20 low-power magni®cation ®elds (10Q) and expressing the number of BrdU-labeled nuclei as a percentage of all nuclei counted.
Senescence-associated b-galactosidase staining Senescence-associated b-galactosidase staining was carried out as described previously (Dimri et al., 1995) . All the samples were stained in triplicate. Analysis was carried out in blinded fashion. The number of SA b-galactosidase-positive cells was counted randomly in 20 low-power ®elds (10Q) and expressed as a percentage of all cells counted.
BrdU±telomere probe co-staining Cryostat sections (7 mm) were ®xed, dehydrated and denatured exactly as described above. Following the second ®xation in 3% formaldehyde in PBS, the tissues were digested with acidi®ed pepsin (100 mg of pepsin, 100 ml of H 2 O, 84 ml of conc. HCl) for 10 min, followed by two 5 min washes in TBS±Tween. Then they were ®xed by incubating in 0.2% glutaraldehyde in PBS for 10 min at room temperature. The slides were co-incubated with anti-BrdU monoclonal antibody (Amersham) and telomere probe hybridization mix [250 ml ®nal volume: 2.5 ml of 1 M Tris±HCl pH 7.2, 21.4 ml of MgCl 2 (25 mM MgCl 2 , 9 mM citric acid, 82 mM Na 2 HPO 4 pH 7.4), 175 ml of deionized formamide, 12.5 ml of 10% (w/w) blocking reagent, 5 ml of 25 mg/ml PNA Cy3-telomere probe, 33.6 ml of H 2 O] overnight at 4°C in a wet chamber. Then they were given three 5 min washes with TBS±Tween and incubated with FITCconjugated goat anti-mouse IgG secondary antibody (Dako) for 30 min at room temperature, followed by three 5 min washes in TBS±Tween and mounting in DAPI mounting solution. The telomere¯uorescence intensities were calibrated as described (Herrera et al., 1999; Wiemann et al., 2002) . Quanti®cation of the telomere¯uorescence intensity was performed on cy3 and DAPI images captured at a magni®cation of 100Q using TFL-TELO V1.0, a telomere analysis program developed by P.Landsdorp.
Senescence±BrdU co-staining
For simultaneous detection of senescence and cell proliferation in the same sample, ®rst SA b-galactosidase staining at pH 6 was carried out (as described above) on 7 mm sections of liver samples from mTERC +/+ (n = 5) and mTERC ±/± (n = 5), followed by BrdU staining as described above.
Senescence±telomere probe co-staining To measure the telomere lengths in senescent cells and proliferating cells in the same sample, ®rst SA b galactosidase staining was carried out (as described above), followed by telomere probe hybridization (as described above), except that the pepsin digestion step was optimized to 7 min to detect cytoplasmic senescent staining and at the same time to minimize background for telomere¯uorescence intensity measurement.
Telomere shortening inhibits cell cycle re-entry
Apoptosis staining
The tunnel assay was performed on cryostat sections according to the manufacturer's protocol (In Situ Cell Death Detection Kit, Roche). The number of apoptotic cells was counted in 20 high-power ®elds (100Q). All the counts were performed without knowledge of the day(s) after PH.
Determination of IL-6 serum levels Sera were obtained from partially hepatectomized mice at 1, 3, 6, 9 and 12 h, and stored at ±80°C before testing. Serum IL-6 levels were determined using the Pharmingen OptEIAÔ Set: Mouse IL-6 kit according to the manufacturer's protocol.
Liver perfusion, nuclei preparation and¯ow cytometry Liver cells were collected by the collagenase perfusion method. The cells were collected from the quiescent liver (non-operated) (n = 5) and 48 h (n = 6), 96 h (n = 5) and 21 days (n = 4) after PH from each group (mTERC +/+ and mTERC ±/± ). Mice were anesthetized and subjected to 70% PH, and 10 ml/g body weight labeling reagent [10:1 ratio of 5-BrdU and 5-¯uoro-20-deoxyuridine (Cell Proliferation Kit, Amersham)] was administered 2 h before liver perfusion. The liver was perfused through the portal vien by inserting a SURFLO I.V catheter connected to an ISMATEC pump with KRBI buffer (150 mM NaCl, 5 mM KCl, 5 mM glucose, 25 mM NaHCO 3 , 20 mM HEPES, 1 mM EDTA pH 7.4 at 37°C) until the blood was completely drained out, followed by KRBII (150 mM NaCl, 5 mM KCl, 5 mM glucose, 25 mM NaHCO 3 , 20 mM HEPES, 0.5 mM CaCl 2 , 0.5 mg/ml collagenase at 37°C) until the liver mass became soft and fragile. The liver mass was suspended in 10 ml of PBS by gentle pipetting and then centrifuged at 50 g for 3 min for hepatocyte puri®cation.
Next, 1 Q 10 6 cells were suspended gently for 2 min without producing air bubbles in 2 ml of NPBT buffer (10 mM Tris±HCl pH 7.4, 2 mM MgCl 2 , 140 mM NaCl, 0.5% Triton X-100) and centrifuged through a 50% sucrose gradient (50% sucrose in NPB, 10 mM Tris±HCl pH 7.4, 2 mM MgCl 2 , 140 mM NaCl) for 10 min at 13 000 r.p.m. The nuclear pellet was resuspended in a suitable volume of PBS and again centrifuged at 50 g for 2 min to remove non-lysed cells. The pure nuclei obtained from this procedure were used for¯ow cytometry. The nuclei collected 0 h and 21 days after PH were stained with PI only, whereas the nuclei collected 48 and 96 h after PH were double stained with PI and FITC±antiBrdU antibody (Becton Dickinson) according to the manufacturer's instructions. Flow cytometric analysis was carried out with a FACScan (Becton Dickinson) equipped with Cellquest software.
RNA extraction and cDNA synthesis
The total RNA was extracted according to the manufacturer's protocol (RNA CleanÔ; Hybaid). The RNA extracted from the liver samples at 0 h [mTERC +/+ (n = 6), mTERC ±/± (n = 5)] and at 30±36 h after PH [mTERC +/ + (n = 12) and mTERC ±/± (n =10)] and the RNA with an OD 260/280 ratio of 2 or more was used for microarray, cDNA synthesis and quantitative realtime PCR. Two micrograms of total RNA were used to synthesize cDNA with oligo-dT primer and Superscript II-RT enzyme (Invitrogen). The RT reaction was checked by amplifying a 130 bp fragment of the housekeeping gene RSP9.
DNA microarray hybridization and analysis
The quality and integrity of the total RNA were checked by running all the samples on an Agilent Technologies 2100 Bioanalyzer (Agilent Technologies). The expression analysis was carried out according to the manufacturer's standard protocols (Affymetrix GeneChip Expression Analysis Manual; Affymetrix). A detailed description of the experimental set-up and the data analysis is accessible online (www.gbf.de/array) under downloads (under Satyanarayana et al.: ExperimentalDesign) . The full dataset is accessible on the same web page under Table1 (full data set on signal intensities) and Table2 (conclusive data set on calculated gene expression changes).
Quantitative real-time PCR Quantitative real-time PCR was performed on an ABI prism 7700 Sequence detection system (PE Applied Biosystems) using SYBR Green I as a double-strand DNA-speci®c binding dye. The same RNA preparations were used for microarray and quantitative RT±PCR. All the samples were analyzed in triplicate and the expression of each target gene was con®rmed by three independent PCR runs. The cycle pro®le of PCR is as follows: an initial 10 min activation of Hot Star TaqÔ DNA polymerase (Qiagen) at 95°C, followed by denaturation at 94°C for 15 s, annealing at 54°C for 15 s and extension at 72°C for 30 s. Forty cycles of PCR ampli®cation were performed to con®rm the expression levels of eight selected target genes, and the housekeeping gene RSP9 was used as an internal control to normalize the expression levels; the Ct for the target genes appears between 24 and 30 cycles. The quanti®cation data were analyzed with the ABI Prism 7700 analysis software.
Statistical programs
Student's t-test, Fisher's exact test and Graphpad InStat software were used to calculate the statistical signi®cance and standard deviations.
